SUPPLEMENTARY INFORMATION SAMPLING AND ANALYTICAL METHODOLOGY
The Nonesuch Formation contains copper mineralisation at its base in the White Pine mine area and associated with faults (Mauk and Hieshima, 1992) . In order to avoid sampling any mineralised zones, the White Pine area and heavily faulted beds were avoided. The Cu contents of our samples were also analysed (Table DR2 ) in order to rule out any influence from the fluid flow driving Cu mineralisation. Mineralised zones of the Nonesuch Formation can contain ~11 wt.% Cu (Mauk and Hieshima, 1992) . Our samples all contain less than 200 ppm Cu apart from three samples near the base of the core (PI-1) that contain ~ 5000 ppm. These three samples were sampled from the transition between the Copper Harbour Conglomerate and the Nonesuch Formation and have not been used for interpretation purposes as they may have been affected by mineralisation.
Re-Os Analytical Methodology
The Re and Os isotopic abundances and compositions were determined at Durham University's TOTAL laboratory for source rock geochronology and geochemistry at the Northern Centre for Isotopic and Elemental Tracing (NCIET) following methodology outlined by Selby and Creaser (2003) and Selby (2007) . Between 1 g and 1.2 g of sample was digested and equilibrated in 10 ml of Cr VI -H 2 SO 4 together with a mixed tracer (spike) solution of 190 Os and 185 Re in carius tubes at 220 °C for 48 hours. The Cr VI -H 2 SO 4 digestion method was employed as it has been shown to preferentially liberate hydrogenous Re and Os thus yielding more accurate and precise age determinations (Selby and Creaser, 2003; Kendall et al., 2004; Rooney et al., 2011) . Rhenium was purified using anion chromatography and Os using solvent extraction (CHCl 3 ) and micro-distillation techniques. Purified Re and Os were loaded onto Ni and Pt filaments, respectively and analysed using negative thermal ionisation mass spectrometry (NTIMS; Selby and Creaser 2003; Selby et al., 2007) . During this study adjustments were made to the Re purification methodology, whereby reduction of Cr 6+ to Cr 3+ through the SO 2 gas procedure was replaced by reduction in 5 N NaOH and transfer to Acetone prior to column chromatography. This also removed the requirement of a single bead clean-up step (c.f., Selby and Creaser, 2003) . Isotopic measurements were performed using a ThermoElectron TRITON mass spectrometer with static Faraday collection for Re and ion-counting using a secondary electron multiplier in peak-hopping mode for Os. In-house Re and Os solutions were continuously analysed during the course of this study at NCIET to ensure and monitor long-term mass spectrometry reproducibility (Table DR1) and both are identical, within uncertainty, to those reported by Rooney et al. (2010) Gramlich et al., 1973 ) is used to correct the Re sample data. Results and blanks are presented in Table DR1 below.
Iron Speciation, C, Al, Cu and S Analytical Methodology
Iron speciation was determined via the sequential extraction technique of Poulton and Canfield (2005) . This method extracts different operationally-defined Fe pools, including Fe carbonates such as siderite (Fe carb ), ferric oxides such as goethite and hematite (Fe ox ), and magnetite (Fe mag ). These minerals define an Fe pool which is considered 'highly reactive' (Fe HR ) during sedimentation and diagenesis (Raiswell and Canfield, 1998) . Elevated Fe HR /Fe T (total Fe) in anoxic settings arises from additional water column formation of either pyrite in euxinic basins, or non-sulfidized Fe minerals in ferruginous basins (Poulton and Canfield, 2011) . The Nonesuch Formation shows no visible evidence of post-depositional oxidation resulting from exposure of reduced minerals to oxygen. Hence, the only post-early diagenetic alteration of primary Fe minerals likely to have occurred relates to low grade metamorphic or diagenetic alteration of some unsulphidized highly reactive Fe minerals to sheet silicate Fe, as discussed in the text. Pyrite (Fe py ) was determined via the chromous chloride distillation technique of Canfield et al. (1986) . A boiling HCl extraction was also performed to determine an Fe pool (consisting largely of sheet silicate Fe) that is considered to be poorly reactive during diagenesis (Fe PRS ; Raiswell and Canfield, 1998; Poulton and Canfield, 2005) . Total Fe, Al and Cu were determined via a HF-HClO 4 -HNO 3 extraction. All Fe solutions were measured via AAS, and Al and Cu were determined via ICP-OES. All extractions gave RSD's of <5%, based on replicate extractions. Organic C (C org ) was measured on a LECO C/S Analyzer, following pre-treatment with 10% HCl to remove carbonate phases. Pyrite S isotope compositions were determined (via EA-IRMS) on Ag 2 S precipitates from the chromous chloride extractions by Iso-analytical Ltd, UK, with a RSD of 1.2% based on repeat analyses of an in-house standard. All results are presented in table DR2 below.
Due to the seasonal carbonate laminites deposited within the Nonesuch Formation (Imbus et al., 1992) , sample NS31 was split into light and dark sections for redox analysis. Both the organic-rich and carbonate-rich laminae show evidence of anoxia (Table DR2 ), suggesting that anoxia was persistent and not seasonal.
Re-Os GEOCHRONOLOGY RESULTS
Geochronological constraints of the Keweenawan Supergroup are derived from U-Pb zircon ages of rift-related volcanics (Davis and Paces, 1990 ). An existing LA-ICP-MS U-Pb age of 1087.2 ± 1.6 Ma (2σ, including decay constant uncertainty) from zircons in one of the final andesite flows within the Copper Harbour Conglomerate (underlying the Nonesuch Fm.) provides a maximum age for the Nonesuch Formation. However, this old U-Pb geochronology does not provide any constraints for the post-rift sedimentary units. The ReOs geochronometer is a widely used tool for dating marine organic-rich rocks and has recently been successfully applied to lacustrine organic-rich rocks (Cumming et al., 2012) , making it an ideal tool to attempt to further constrain the age of the Nonesuch Formation. Linear regression of all the Nonesuch Formation Re-Os isotope data using the program Isoplot V. ) yields a Model 3 age of 1040 ± 75 (78) Ma (2σ, n = 16, Mean Squared of Weighted Deviation [MSWD] = 10.6, Os i = 0.76 ± 0.42, bracketed uncertainty includes the uncertainty in the decay constant; Figure DR1 ; Table DR1 ). The Model 3 age and the large MSWD strongly suggest that any scatter in the data is controlled by geological factors, rather than purely analytical uncertainties.
Variation in initial
187 Os/ 188 Os (Os i ) has previously been demonstrated to cause large MSWD's in Re-Os geochronology (e.g. Cohen et al., 1999; Azmy et al., 2008; Kendall et al., 2009b; Xu et al., 2009; Rooney et al., 2010) . In order to assess the variation, the Os i is calculated at 1040 Ma using λ 187 Re for all samples and is found to vary from 0.65 to 0.91 (Table DR1 ). The age of 1040 Ma is used for this calculation as it represents the age when all the samples are regressed and is used to identify any groupings within the samples. The variations present in Os i can also be seen on the composite isochron with two clear linear sets of samples representative of different groups of Os i (Fig. DR1 A) Os influx into the basin was heterogeneous or that there could have been post-depositional disturbance to the Re-Os isotope system. We would suggest that postdepositional disturbance of the Re-Os isotope system is unlikely given the relative precision and lack of scatter in the composite isochron. Several recent studies have evaluated the effect of post-depositional fluid-flow on Re-Os systematics highlighting the extremely imprecise and often nonsensical data generated (e.g., ages >100 Myrs younger than the known age of a unit and/or negative initial Os isotope compositions; Kendall et al., 2009a,b; Rooney et al., 2011) . In these cases there is extreme scatter about the isochron and very large MSWD's of 86 and 338 (Kendall et al., 2009b; Rooney et al., 2011, respectively ). An MSWD of 10.6 for the Nonesuch Formation isochron does not refute the Re-Os age data, it only implies that samples started with different Os i . Several previous studies have presented accurate Re-Os age data (agreeing with interpolated or biostratigraphic ages) with MSWD's similar to 10.6 (e.g. Cohen et al., 1999; Azmy et al., 2008; Kendall et al., 2009a,b; Xu et al., 2009; Rooney et al., 2010) . The composite Nonesuch Formation Re-Os age is within uncertainty of the stratigraphic age (i.e. younger than 1087 Ma) and suggests that the imprecision is an artefact of the sample Os i heterogeneity as opposed to a resetting of Re-Os systematics, and thus post-depositional fluid flow can be discounted. This is further supported by the low levels of Cu in our samples (<150 ppm; Table DR2 ), which we would expect to be higher if there had been post-depositional fluid flow as local hydrothermal mineralisation has resulted in high Cu contents in some areas.
The
187 Os/ 188 Os composition of seawater today records a balance of radiogenic (~1.4; from continental weathering) and unradiogenic (~0.13; from hydrothermal inputs, alteration of oceanic crust or cosmic dust flux) inputs (Peucker-Ehrenbrink and Ravizza, 2000) . In a terrestrial water body the 187 Os/
188
Os composition records a balance of inputs from continental weathering surrounding that water body. For the Nonesuch Formation the surrounding geology comprises predominantly Mesoproterozoic rift-related flood basalts and Archean to Proterozoic cratonic lithosphere which will provide a mixture of unradiogenic and radiogenic inputs, respectively. The sedimentology of the Nonesuch Formation is controlled by interactions between rates of subsidence, climatic changes and differences in tectonic setting which produce variable facies associations and sedimentation rates (Elmore et al., 1989; Imbus et al., 1992) . The heterogeneity of the surrounding continental crust and the changes in sedimentation and weathering rates provided a mixed Os signal that may have varied considerably with prevailing climate regimes. A fundamental assumption of the isochron technique is that the samples all started with similar initial Os isotope compositions (Cohen et al., 1999; Kendall et al., 2009a) . It is apparent in Figure DR1 Fig. DR1 C) , respectively. Both of these ages are identical within uncertainty and are in agreement with the stratigraphic position of the 1087.2 ± 1.6 Ma U-Pb age of the underlying Copper Harbour Conglomerate. The large age uncertainties can be explained by the small range in 187 Re/ 188 Os. These restricted ranges in 187 Re/ 188 Os have been reported from both marine and lacustrine organic-rich rocks (Cumming et al., 2012; Turgeon et al., 2007; Selby et al., 2009 ) and, although the causes of such small ranges have not been fully resolved, they are likely related to organic matter type and depositional conditions (Cumming et al., 2012; Selby et al., 2009) . The Os i , however, provides a useful constraint on the depositional setting of the Nonesuch Formation as the Os i of organic-rich rocks has been shown to be useful in deriving the depositional setting of sediments (Poirier and Hillaire-Marcel, 2011; Cumming et al., 2012 Os of seawater at the time is known, the Os i of the system in question can allude to the nature of deposition. These results are discussed in the main text of the manuscript. 
